Electron beam welding of a titanium alloy (Ti-6Al-4V) and a kovar alloy (Fe-29Ni-17Co) was performed by using a Cu/Nb multiinterlayer between them. Microstructure and composition of welded joints were analyzed by means of optical microscopy, scanning electron microscopy, energy dispersive spectroscopy, and X-ray diffraction. Mechanical properties of welded joints were evaluated by microhardness and tensile strength tests. Results indicated that in case of 0.22 mm thickness of Nb foil, microstructure of the titanium alloy side was mainly composed of Ti solid solution and some intermetallic compounds such as FeTi and CuTi 2 , whereas in case of 0.40 mm thickness of Nb foil, the appearance of weld was more uniform and hardness of the weld zone decreased sharply. However, tensile strength of welded joints was increased from 88.1 MPa for the 0.22 mm Nb foil to 150 MPa for the 0.40 mm Nb foil. It was found that thicker Nb foil could inhibit diffusion of Fe atoms towards the titanium alloy side, thus promoting the formation of Ti solid solution and a small amount of CuTi 2 and eliminating FeTi. In addition, in both cases, Cu 0.5 Fe 0.5 Ti was found in the fusion zone of the titanium alloy side, which had an adverse effect on mechanical properties of welded joints.
Introduction
Titanium alloys are widely used in nuclear, aerospace, and chemical industries because of their high corrosion resistance, light weight, high specific strength, and other hightemperature properties [1] . It is known that kovar alloys have similar coefficient of thermal expansion (CTE) with hard glass (borosilicate) and are highly applied in the field of electronic industry [2, 3] . Joining titanium and kovar alloys can achieve a combination of their advantages to improve performance of products to meet the needs for aerospace and electronic packaging applications [4, 5] . In previous studies, friction welding [6] , diffusion welding [7] , and laser welding [8] were used to weld titanium alloys and iron-base alloys intimately without interlayers between them. Kundu et al. [9] showed that when titanium was diffusion bonded to a 17-4PH stainless steel, FeTi and Fe 2 Ti were produced. If friction stir welding of titanium and steel was carried out in an overlapped manner, the interface exhibited a layershaped structure containing FeTi and Fe 2 Ti, which were unfavorable to the quality of welded joints [10] . Satoh et al. [4] found that coarse intermetallic TiFe dendrites formed in the main fusion zone, which was adverse to properties of welded joints. Chen et al. [11] joined 201 stainless steel and TC4 titanium alloy by laser welding. It was found that if the laser beam was offset on the side of titanium alloy, more intermetallic compounds (IMCs) and cracks were produced. According to these research results, it appears that the challenge in connecting titanium and kovar alloys is the formation of brittle IMCs (Fe 2 Ti and FeTi).
In order to avoid the production of excessive brittle IMCs, it is desirable to control the mixing of chemical components by adding a metal interlayer. Pardal et al. [12] found that the generation of IMCs could not be avoided when titanium and 316L stainless steel were joined by using cold metal transfer welding technology with CuSi-3 filler. However, IMCs were produced, which had lower hardness than Fe-Ti IMCs.Özdemir and Bilgin [13] prepared solidstate diffusion-bonded joints of a TC4 titanium alloy and a stainless steel by using copper foil as an interlayer. It was found that the increase of the strength of welded joints was attributed to the formation of Cu-Ti and Cu-Ti-Fe IMCs, which had a lower hardness than Fe-Ti IMCs. Tashi et al. [14] investigated the diffusion bonding process of a titanium alloy and a stainless steel using an Ag-based alloy interlayer. It was found that the toughness of welded joints was improved because of the production of TiAg. Similarly, TiAg was also produced at the interface during diffusion welding of a TC4 titanium alloy and a stainless steel using an Ag interlayer [15] . Yildiz et al. [16] studied the joint performance of diffusion-bonded pure titanium onto a ferritic stainless steel by inserting a Ni interlayer, and Ti-Ni IMCs were found in the joint. In addition, Oliveira et al. [17] showed that if TC4 titanium alloy was laser welded to NiTi alloy with Nb interlayer, the (Ti, Nb) solid solution was produced in the titanium alloy side and no brittle IMCs were observed, which were beneficial to the increase of the quality of welded joint. Similarly, Zhou et al. [18] applied the laser welding technique to join the TC4 titanium alloy and NiTiNb alloy by adding Nb filler wire. It was found that the addition of a Nb filler wire could inhibit the amount of IMCs, such as NiTi and Ti 2 Ni, and all the welds are composed of a dendritic (Nb, Ti) solid solution and some IMCs.
Technically, it is viable to connect these materials using electron beam welding, which possesses certain advantages such as high energy density, accurate control of the heating position, and production of a narrowed heat-affected area. In order to prevent dispersion of electron beam and oxidation of materials, the welding process is carried out in a vacuum environment [19, 20] . Hence, electron beam welding was used to connect titanium and iron-base alloys [21, 22] . Tomashchuk et al. [23] attempted to weld titanium alloy to 316L stainless steel with Cu filler by electron beam welding. ey only found a small amount of Fe 2 Ti at the interface between the fusion zone and stainless steel. Wang et al. [24] applied the electron beam welding technique to join a titanium alloy and a stainless steel by inserting a metallic foil such as V, Ni, Cu, and Ag. It was found that filler metals could inhibit the formation of Fe-Ti IMCs. Moreover, Wang et al. [25] investigated the electron beam welding process of dissimilar Ti/steel metals using a V/Cu multi-interlayer, and found that the formation of Ti-Cu and Ti-Fe phases was evidently prevented so as to improve the quality of welded joints.
Developments of aerospace and electronic packaging industries have demanded for multifunctional components with high mechanical and physical properties and flexibilities in design while at a low cost. In this study, the TC4 titanium alloy (Ti-6Al-4V) and 4J29 kovar alloy (Fe-29Ni-17Co) which are used in aerospace and electronic packaging industries were diffusely bonded by an electron beam welding to investigate their interfacial microstructures and intermetallic compounds. Cu/Nb multi-interlayers was used to improve the welding quality. When other welding parameters were identical, effects of the thickness of Nb foil on the quality of welded joints could be determined. e influence of the thickness of Nb foil on weld appearance, microstructure, and mechanical properties of welded joints were examined, and the fracture and forming mechanism of the welded joints were analyzed. To the best of our knowledge, electron beam welding of dissimilar TC4 and 4J29 with Cu/Nb multi-interlayer has not been reported previously. Our work demonstrated that the electron beam welding method can be used effectively to control the formation of brittle IMCs, thus improving the joint quality and mechanical properties.
Experimental Procedure

Materials and Preparation.
Materials used in this experiment were a TC4 titanium alloy and a 4J29 kovar alloy, which were machined into 50 mm × 30 mm × 2 mm plates. eir composition and some physical properties are listed in Tables 1 and 2 , respectively. e interlayer used in the welding process was a composite of bilayers composed of a pure Cu foil and a pure Nb foil. Prior to welding, metal surfaces were ground, polished, washed with acetone and alcohol, and dried in air. Two kinds of Cu/Nb multi-interlayers were prepared. One was a composite of a 0.53 mm thick pure Cu foil and a 0.22 mm thick pure Nb foil, named as EBW-1 sample; and another one was a composite of a 0.53 mm thick pure Cu foil and a 0.40 mm thick pure Nb foil, named as EBW-2 sample.
Welding Method and Processing
Parameters. In this experiment, an electron beam welding machine (Germany, PTR EBW 300/5-60 PLC) was used to join materials, and a schematic diagram of the electron beam welding is given in Figure 1 . Firstly, the interface between Cu foil and kovar alloy was welded, and electron beam was shifted by 0.1-0.2 mm to the kovar alloy side to achieve the better bonding.
en, the electron beam was placed in the middle of the Nb foil. e welding parameters are shown in Table 3 . e overall fusion of welds was evaluated and analyzed. Specimens for microstructural observation were prepared and etched using two reagents. e cross sections of the titanium alloy side was corroded by a mixture acid solution (20 mL HNO 3 20 mL HF, and 80 mL H 2 O), and the kovar alloy side was corroded by the aqua regia (25 mL HNO 3 and 75 mL HCl). Microstructural observations of welded joints were investigated by an optical microscope (OM, Axio Cam MRc5) and a scanning electron microscope (SEM, QUANTA FEG 250). Spot and line scan analyses were used to evaluate distribution of elements by the SEM equipped with an X-ray energy-dispersive spectrometer (EDS).
e micro-Vickers (HXD-100TM/LCD) hardness measurement was conducted across the weld zone under a test load of 100 gf and a dwell time of 15 s. e tensile test was performed by electronic universal testing machine (WDW-3100) at room temperature, and the displacement speed was 0.1 mm/min. At last, fracture morphology was observed and analyzed using SEM. Phase identi cations were conducted at the fracture surface of tensile samples by micro X-ray di raction (XRD, PANalytical-Empyrean). e operating current was 25 mA and the voltage was 50 kV using a Cu target. e scanning range was 30-90°(2θ) at a speed of 2°/min. Figure 2 shows the surface appearance and the cross sections of welds using two Cu/Nb multi-interlayers with di erent Nb thickness. It is found that the thickness of Nb foil can alter the distribution and transfer of energy in the weld, a ecting the welding quality. In both cases, it is found that the weld surfaces are at and continuous without obvious defects such as pits, spatter, or cracks. However, the melting amount of metals on both sides is uneven, and the Cu zone appears as a convex shape. e energy absorbed by copper is too intense which results in quick melting of metals. During the cooling process, the volume of solidi ed metal is too large to form a uniform weld. Wang et al. [25] investigated the quality of dissimilar metal joints of a titanium alloy and a stainless steel, obtained by electron beam welding. It was found that large energy input led to excessive expansion of metals, and cracks were formed during its cooling. e residual stress, generated at the interface, can result in a reduction of properties of the welded joints due to the di erent CTEs between copper and kovar alloy. In this work, as the melting volume of copper is too large, this e ect is exacerbated. Moreover, the large melting volume may contribute to the formation of IMCs in the fusion zone to decrease properties of weld joints. Generally, the occurrence of the convex shape on copper should be avoided [26] . In case the thickness of Nb foil is 0.40 mm, the weld appearance is more uniform, and convex shape almost disappears, as shown in Figure 2 (b). erefore, a thicker Nb foil e ectively improves the phenomenon of convex shape. Figures 3 and 4 show the cross sections of welds using two di erent Cu/Nb multi-interlayers.
Results and Discussion
Weld Appearances.
Microstructure of the Weld Zone of Welded Joints.
e cross sections of welds were taken from the location, which were indicated by white dashed lines, as shown in Figures 2(a) and 2(b). In both cases, melting of welded joints is relatively uniform, and there are no obvious defects. In case the thickness of Nb foil is 0.22 mm, compared with the kovar alloy side, the fusion zone of the titanium alloy side is narrower, existed with some unmelted interlayer areas, as shown in Figure 3 (a). Previously, Gao et al. [10] welded titanium to a steel by using friction stir welding and found the existence of FeTi and Fe 2 Ti. It was reported that Fe-Ti-Cu IMCs formed in the weld zone when electron beam welding of a titanium alloy and a stainless steel was carried out with a Cu interlayer [23] . erefore, it is possible that Fe-Ti and Fe-Ti-Cu IMCs are formed in the weld zone of our sample. In case the thickness of Nb foil is 0.40 mm, a small fraction of Nb foil is melted and the melting mainly occurs on the right side of Nb, as shown in Figure 4(b) . However, the fusion zone of the kovar alloy is fully penetrated by a large area of molten metals, and some unmelted Cu regions still exist due to the improper control of beam o set or the insu cient heat input, as shown in Figure 4 (a). Tomashchuk et al. [23] reported a factor responsible for the melting of metals during electron beam welding. ey found that the size and direction of beam o set can alter the melting of metals and the formation of IMCs. In both cases, it is found that the interlayers are insu ciently melted in the weld, especially the Nb interlayer, which will result in the low resistance and low ductility of welded joints.
e unmelted interlayers will become weak places in the weld and are easily broken by the action of external forces, which impairs the strength of the welded joint. However, the occurrence of this phenomenon can be improved by increasing the input of energy during the welding.
Microstructure of Titanium Alloy Side
Interface. Ti is an active element which easily forms IMCs with multiple metal elements during the welding process, as shown in the microstructure of the titanium alloy side previously [24] . For the welded joint EBW-1, Figure 5 (a) shows the microstructure of the fusion zone of the titanium alloy side. It is found that the melted part is mainly concentrated on the titanium alloy side. Because of the higher thermal conductivity of Nb relative to the titanium alloy, Nb has faster energy dissipation. In addition, the specific heat of titanium alloy is higher than that of Nb, so the energy intake from the electron beam on the titanium alloy side is higher than that on the Nb side [27] . e fusion zone mainly consists of three phases according to its morphology characteristics, that is, the dark phase (A zone), gray phase (B zone), and columnar gray phase (C zone), as labelled with A, B, and C in Figure 5 (a), respectively. For the welded joint EBW-2, there are just two phases in the fusion zone of the titanium alloy side. One is a dendritic phase (D zone), and the other one is a netted phase (E zone), as shown in Figure 5(b) . Moreover, the dendritic phase mainly exists in the fusion zone of the titanium alloy side. e reason is that high local undercooling leads to the accelerated nucleation to refine grains and the formation of dendrites under the high cooling rate. Li et al. [28] also found that high cooling rate influenced the solidification behavior of microstructure.
To identify phase compositions of the fusion zone, EDS was performed on zones A through E in Figure 5 , and the results are shown in Table 4 . Referring to the compositional analysis results and relevant Cu-Fe-Ti ternary phase diagram [29] and Ti-Nb binary phase diagram [30] , several phases are recognized as listed in Table 4 . It is identified that the dark phase (A zone), gray phase (B zone), and columnar gray phase (C zone) are composed of β-Ti solid solution and FeTi. However, there are certain differences between these phases because of their different average atom numbers between A, B, and C zones [11] . By contrast, the dendritic phase (D zone) and netted phase (E zone) have a high content of Ti, as shown in Table 4 . Similarly, it is identified that the dendritic phase is β-Ti solid solution and the netted phase is composed of β-Ti solid solution and CuTi 2 . erefore, it is proved that a thicker Nb foil can inhibit the diffusion of a large amount of Fe atoms towards the titanium alloy side, thus promoting the production of Ti solid solution and the deduction of IMCs. Li et al. [31] prepared laser welded joints of a TiNi shape memory alloy and a stainless steel using Ni interlayer. It was found that a thicker Ni foil could inhibit the production of brittle IMCs (TiFe 2 and TiCr 2 ).
Composition profiles of major elements across the titanium alloy/fusion zone are obtained from line scanning analysis in SEM, as indicated along the red lines in Figure 5 , and results are presented in Figure 6 . For the welded joint EBW-1, results show that the contents of Nb and Fe elements are decreased, and the content of Ti element is increased gradually from the fusion zone side to the titanium alloy side, as shown in Figure 6(a) . Moreover, enrichment of Ti element is found across the interface of the titanium alloy/fusion zone, and the thickness of interface layer is about 1-2 μm. For the welded joint EBW-2, the fusion zone and interface layer are enriched in Ti and Nb elements. According to Ti-Nb binary phase diagram [30] , they are mainly composed of Ti solid solution. Similar phenomenon was observed when Torkamany et al. [27] welded a pure Nb and a titanium alloy using the laser welding method. In addition, the thickness of interface layer is increased to about 2-4 μm, as shown in Figure 6 (b). It is found that the thicker Nb foil suppresses energy transfer to the Cu side to increase the energy input of the Nb side. en, the diffusion of Nb atoms is promoted, resulting in increased Nb content in interface layer, so the thickness of interface layer is increased. When Tan et al. [32] welded a magnesium alloy and Advances in Materials Science and Engineeringa titanium alloy by laser welding, similar phenomenon was found. Moreover, because the thickness of interface layer was kept far below 10 μm, metallurgical bonding can be achieved well, which is bene cial to welded joints strength. erefore, in case the thickness of Nb foil is 0.22 mm, microstructure of the fusion zone of the titanium alloy side is mainly composed of Ti solid solution and FeTi; while in case the thickness of Nb foil is 0.40 mm, microstructure of the fusion zone of the titanium alloy side mainly consists of Ti solid solution and CuTi 2 . Figure 7 (a) shows microhardness distribution across the cross section of the welded joint EBW-1.
Mechanical Properties of Welded Joints
Microhardness Analysis of Welded Joints.
e average hardness values of titanium and kovar alloys are 330 HV and 160 HV, respectively. It is noticed that the maximum hardness of the fusion zone is about 710 HV, which is higher than that of the substrate. According to the previous microstructure analysis, the change in hardness value was associated with the formation of brittle FeTi, which caused the increased hardness value [12] . Figure 7 (b) shows microhardness distribution across the cross section of the welded joint EBW-2. It is found that the maximum hardness of the fusion zone is about 520 HV due to the production of brittle IMCs, whereas the minimum hardness value is about 90 HV. Moreover, the hardness of the fusion zone adjacent to the kovar alloy is decreased sharply, and the hardness of the fusion zone adjacent to the titanium alloy is decreased to about 450 HV. e thicker Nb foil can inhibit the di usion of a large amount of Fe atoms to avoid the production of the brittle IMCs, so the overall weld hardness is decreased. ese 6 Advances in Materials Science and Engineering results are consistent with the analysis in Section 3.3, and similar phenomenon occurred in a study about the in uence of thickness of Cu interlayer on weld hardness [28] . Hence, it is observed that thicker Nb foil can e ectively decrease the hardness of the fusion zone to enhance properties of welded joints.
Tensile Strength and Fracture Behavior of Welded
Joints. Figure 8 shows fracture surfaces of welded joints using two di erent Cu/Nb multi-interlayers. e fracture location of both of samples is located in the fusion zone of the titanium alloy side rather than the location of the maximum hardness value of welds. is fact indicates that not only IMC hardness but also IMC volume is the major factor for the failure location of welded joints. With the production of IMCs is in the fusion zone of the titanium alloy side, the failure is more likely to initiate in this zone. Pardal et al. [12] used a CuSi-3 alloy to braze titanium to a 316L stainless steel. It was also found that the failure location was located in the zone with a high content of IMCs rather than in the zone with the maximum hardness value. Figure 8 (a) exhibits the fracture surface of the welded joint EBW-1. A rough and lacerated fracture surface is found, which is the characteristic of a quasicleavage fracture. In addition, an obvious crack along the thickness direction of the weld appears at the fracture surface. In case the thickness of Nb foil is 0.40 mm, as shown in Figure 8(b) , the fracture surface of welded joints still exhibits typical brittle characteristics. However, compared with the welded joint EBW-1, the fracture surface is relatively smoother.
To investigate the fracture origins of welded joints, XRD is performed on the fracture surfaces of both samples, as shown in Figure 9 . e location and the intensity of some di raction peaks are slightly di erent to the standards. e reasons are complex element compositions of the fusion zone and some distortion of crystal lattice [11] . e results show that the β-Ti solid solution exists on both fracture Advances in Materials Science and Engineeringsurfaces, which has a higher intensity of the diffraction peaks. is confirms that the fracture location of welded joints is located in the fusion zone of the titanium alloy side.
However, for the welded joint EBW-1, it should be noted that FeTi observed in SEM is not detected by XRD, while some other IMCs (CuTi 2 and Cu 0.5 Fe 0.5 Ti) appear, as shown in Figure 9 (a). Some of IMCs in this study are discontinuous and inhomogeneous in distribution and their contents are relatively low, and thus they may not be detectable, although some phases could be detected [11] . Besides, the fracture location is not exactly consistent with the position analyzed in SEM, and thus certain discrepancies may exist. For the welded joint EBW-2, β-Ti solid solution and CuTi 2 are found by XRD, while some oxides appear such as Al 2 O 3 and FeO, which are produced by oxidation reaction when the sample is exposed in the air, as shown in Figure 9 (b). In addition, Cu 0.5 Fe 0.5 Ti also is found in the fracture surface which would enhance the brittleness of welded joints. e formation of Fe-Ti-Cu phase also occurs in electron beam welding of titanium alloy and stainless steel [24] . And when Tashi et al. [14] welded a titanium alloy and a stainless steel by diffusion welding, Fe-Cu-Ti IMCs were also found in the weld, which resulted in the degradation of the toughness of welded joints.
In both cases, the tensile strength of welded joints is far lower than that of the substrate, as shown in Figure 10 . In case the thickness of Nb foil is 0.22 mm, tensile strength of welded joints is 88.1 MPa. With the increase of the thickness of Nb foil to 0.40 mm, tensile strength of welded joints is increased to 150 MPa. According to the above analysis, the effects of thicker Nb foil on tensile strength are mainly attributed to the production of Ti solid solution and a small amount of soft CuTi 2 , as well as the absence of FeTi. Due to the good plasticity and toughness of Ti solid solution and lower brittleness of CuTi 2 than that of FeTi, welded joints' tensile strength is increased obviously. Relevant conclusion was also obtained when Li et al. [28] welded a TiNi alloy and a stainless steel using laser welding.
Bonding Mechanism.
According to the above analysis, thicker Nb foil effectively inhibits the diffusion of a large amount of Fe atoms towards the titanium alloy side and restrains the formation of FeTi in the fusion zone of the titanium alloy side, and thus the tensile strength of welded joints is increased to 150 MPa. e fusion zone of the kovar alloy side is fully penetrated with large volume of melted metals, though some unmelted Cu regions exist. Combined the Cu-Fe-Ti ternary phase diagram [29] and the Ti-Nb binary phase diagram [30] , the formation process of the fusion zone of the titanium alloy side mainly includes four steps as follows: firstly, partial surfaces of materials contact with each other because of the pressure of fixture, and materials have a certain deformation. en materials begin to melt and the fusion zone is gradually formed due to energy input. e Ti, Nb, Cu, and Fe atoms diffuse and mix in the fusion zone, and the Ti element and Nb element diffuse towards the interface, as shown in Figure 11(a) . Secondly, when the temperature decreases to about 1760°C, the Ti atom in the liquid at the front of liquid/solid interface saturates inducing the nucleation of β-Ti solid solution phase. Because the fusion zone has a higher temperature, the Ti, Nb, Cu, and Fe atoms are still in the state of full diffusion, as shown in Figure 11(b) . irdly, as the temperature further decreases, from the interface to the fusion zone, dendrites begin to form due to the reduction of temperature gradient and the increase of constituent super cooling [33] , as shown in Figure 11(c) . Lastly, when the temperature decreases to about 850°C, remaining elements begin to precipitate along the grain boundary to form netted phases, which are composed of β-Ti solid solution and IMCs (CuTi 2 and Cu 0.5 Fe 0.5 Ti). Meanwhile, layer-shaped β-Ti solid solution is formed at the interface, as shown in Figure 11(d) . Hence, it is concluded that connection of the titanium alloy side is achieved by physical contact, elemental diffusion, nucleation and growth of grains, and formation of β-Ti solid solution and IMCs. 
Conclusions
In this study, Cu/Nb multi-interlayers were used to conduct electron beam welding of a TC4 titanium alloy and a 4J29 kovar alloy. Microstructure and mechanical properties of welded joints were investigated, and conclusions were summarized as follows:
(a) With the addition of Cu/Nb multi-interlayers, weld surfaces were found to be flat and continuous without obvious defects. Increasing the thickness of Nb foil promoted the formation of Ti solid solution in the fusion zone, which was beneficial to the improvement of welded joints' toughness.
(b) In case the thickness of Nb foil was 0.22 mm, microstructure of the fusion zone of the titanium alloy side was mainly composed of Ti solid solution and FeTi; while in case the thickness of Nb foil was 0.40 mm, microstructure of the fusion zone of the titanium alloy side mainly consisted of Ti solid solution and CuTi 2 . Moreover, in both cases, Cu 0.5 Fe 0.5 Ti was formed in the fusion zone that increased the welded joint brittleness. (c) As the thickness of Nb foil was increased from 0.22 mm to 0.40 mm, tensile strength of the welded joint was enhanced from 88.1 MPa to 150 MPa, and hardness of the weld zone decreased sharply. It was found that a thicker Nb foil could inhibit the diffusion of a large amount of Fe atoms towards the titanium alloy side, thus promoting the formation of Ti solid solution and a small amount of soft CuTi 2 and eliminating FeTi. Due to the good plasticity and toughness of Ti solid solution and reduced brittleness of CuTi 2 compared with FeTi, welded joints' tensile strength was increased obviously.
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